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Abstract

An innovative design for the treatment and reuse of grey water is presented in the form of a grey
water dam which is an outgrowth of the vertical grey water tower. A hydraulic equation has been
formulated and is presented in this paper which is used to determine the seepage path within the
grey water dam, and determine the dimensions of the dam components. The hydraulic equation
model also helps in avoiding soil piping problems by keeping the phreatic line within the grey wa-
ter dam. Vegetables are planted around the surface of the dam as a reuse option while helping re-
cycling of water in the form of evapotranspiration. A successful pilot trial of this dam was run in
Mnyamatsini area in Swaziland which can accept grey water from multiple households.
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1. Introduction

Water scarcity is a pressing problem being faced all over the world that prompted the need for conservation of
water including the use of grey water [1]. Grey water is part of the wastewater generated from household water
using activities including bathing, hand basins, washing machines, dish washing, laundry and kitchen [2]. Grey
water does not include water from toilets. Grey water volume is often high (accounts for 50% - 80% of the water
volume) and is less polluted. It is, therefore, considered as a potential source for water reuse option [3]-[6].
Reuse of grey water is being practiced in many countries because of the need for water saving and as a way of
management to reduce transport of pollution to other areas. Water savings ranging from 10% - 80% have been
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reported as result of grey water reuse [6]-[8]. Public acceptance of grey water is more for uses such as gardening
and toilet flushing [6]. The advantage of irrigation/agricultural reuse of grey water besides public acceptance is
that there is less need for advanced treatment such as for the removal of nitrogen and phosphorus which are in
fact needed for plant growth [9].

However, despite the potential for reuse, the actual reuse practice of grey water is restricted by a number of
factors. In many countries, including Swaziland, there are no standards for grey water reuse except for the water
quality standards which are established for potable water supply and which may be too stringent standards for
some grey water reuse demands such as toilet flushing and gardening. Treatment technologies for grey water
treatment are not standardized and it is difficult to validate the efficiencies of treatment of some these technolo-
gies advocated due to the dispersed, proprietary and private nature of these technologies [10]. Regulations on
grey water reuse are mostly available in developed countries and where plenty of water exists such as rain water,
people often prefer to use such alternative water sources because of the high quality of water from these sources.
There are also expressed objections or fear about the reuse of grey water.

Grey water studies tend to concentrate on reuse aspects. Information about grey water quality in terms of
broad range of pollutants is often inadequate [11]. However, grey water apparently contains significant amounts
pollutants in terms suspended solids, organic and inorganic chemicals originating from soap, shampoo, hair dyes,
toothpaste, nutrients and from other cleaning products, BOD/COD, nutrients and microorganisms. Grey water as
such poses a threat to health and the environment [6] [12] [13]. Grey water microbial pollution is detected in
practically all streams of grey water including kitchen, bathing and laundry [14]. According to Katukiza et al.
[12], fecal coliform and total coliform concentrations of 7 and 8 logs respectively have been reported for grey
water containing bathing water.

There are many types of technologies available for grey water treatment. Technologies that have been cited
for grey water treatment include filtration, disinfection, membrane bio reactors, electro-coagulation, constructed
wet lands, planted filter, soil filters, soil bio-technology, etc. [2]. Constructed wet land systems and soil filters
employ natural processes for treatment and produce effluent of good quality with lower maintenance costs and
energy savings.

According to Ushijima et al. [9], pathogen removal by soil filter system is highly dependent on soil texture.
Fine soils are able to remove pathogens to a greater degree while in coarse soils pathogens can survive and pass
through the filter. For pathogen removal through soil systems, 2 - 5 log10 reduction of E. coli has been reported
in fine soils whereas there was little removal of E. coli in coarse soil [9]. According to Kadam et al. [15], Coli-
form removals ranging from 2 - 4 logs were achieved in soil filters with limited detention time in the filters
ranging between 1 and 2 hours. Nelson [16] stated that constructed wetlands employing any of the range of me-
dia in use including soil, sand and gravel can be designed for at least 2 log removal of coliforms bacteria (99%
removal). The pathogen reduction requirement of wastewater reuse for agriculture, according to WHO guideline
[17] is pathogen reduction achieving 3 - 4 log reduction of E. coli (99.9% and 99.99% removal) within the soil
in addition to <1 helminthes/egg per 100 gm of soil with an infection risk of 1 in 1000 [9].

Removal of particulate COD in slanted soil treatment system has been reported to be high (94% - 97%) while
removal of dissolved COD was comparatively lower (58% - 68%) [9]. COD removal rates constants through
slanted soil filters are linearly related with flow rates [9]. The COD removal kinetics follows first order kinetics
which can be used for determining the detention time required for a design removal rate of COD. Earlier studies
by Etayamal et al. [18] of a soil filter for the treatment of high strength kitchen waste reported removal rates of
67% for the BOD and 78% for suspended solids with residual concentrations existing over and above published
standard values for the reuse of grey water. Kadam et al. [15] reported BOD and COD removal efficiencies of
soil filters of 90% and 80% respectively. Ammonia was removed 80% while suspended solids removal was 93%.
Constructed wet lands may be designed with expected removal of COD up to 75% and BOD removal up to 95%
[16]. Because of the high ratio of COD/BOD for grey water compared to wastewater, evaluation of grey water
treatment efficiencies shall also account for COD removal [19].

Regarding soil texture, a combination of fine and soil texture is being suggested for soil filters [9]. Too fine
soil results in clogging even though pathogen and suspended solids removal may be the highest. In addition,
suspended solids in grey water after preliminary treatment tend to be fine and require fine solids media texture
for their removal. Too coarse soil texture minimizes clogging while on the downside flow through coarse soil
texture enhances pathogen survival. Kadam et al. [15] reported hydraulic conductivity of soil filters ranging
between 2 x 10 ® and 3 x 10 ® m/sec whereas the percentages of clay, silt, sand and gravel in the soil filter used
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for the study were 23%, 25%, 40% and 12% respectively. According to EPA [20], the media used for con-
structed wetlands range between sand (2 mm) and gravel up to a size of 128 mm. A standard size media for con-
structed wetland system in Ohio [21] is a pea size grave ranging in size between 1.9 - 2.5 cm overlain by a top
soil which is peat or mulch. Design aspects of grey water reuse must take account of the fact that the volume of
grey water disposed may well exceed the reuse requirements [2]. A feature of grey water dam design described
in this paper includes a provision for partial seepage of water underground in order to allow more water to be
disposed into the dam.

2. The Study Area

The grey water dam designed and presented in this paper was undertaken as a pilot research project in the
Mnyamatsini area in Swaziland whereas the research project is part of the Mbabane dry Sanitation and Waste
Management Project which is funded by the Government of Finland. Mnyamatsini is a peri-urban settlement
area existing near the capital city of Swaziland and has an estimated population of 10,000. A centralized system
of wastewater disposal is not extended to the area which was one factor in the inclusion of grey water disposal
as a project priority. Most of the households in the community have large space that can be used for urban agri-
culture while some members of the community do practice gardening. A perennial source of water exists from
mountain streams that are diverted by gravity to satisfy the water supply needs of the community. Water is
available abundantly except during the rainy season when occasional quality problems may be experienced.
However, the abundance of water and the very low to non-existent fee for its abstraction has meant water is used
in plentiful quantities and the grey water production is high.

Most of the households have yard tap connections with very few households having house connections. This
implies that the grey water generated is segregated from other wastewater such as toilet water and is disposed
separately. This aspect is convenient for grey water treatment which calls for segregation of grey water from
other types of wastewaters. In addition the different grey water components are also disposed separately. Most
of the households dispose the grey water produced inside the compound by splashing away the water. There is
hardly any constructed system for grey water disposal except for a septic tank system available in few house-
holds with housing connections. The level of education and awareness about the health and environmental im-
pact of grey water is low according to the baseline assessment study conducted. Except for few households that
use grey water for gardening, grey water is disposed with no intention for reuse. The availability of water in
plentiful quantities coupled with the very low fee for its abstraction means people have little incentive for reus-
ing water. Any reuse attempt, therefore, should be combined with other benefits such as growing plants. The
area can be considered as a low income area compared to the households in the main city. Grey water disposal
systems should therefore, take into account the low ability of people to pay for such technologies.

This research work was undertaken with the objective of developing a grey water disposal system that is ap-
propriate and affordable to the community while combining grey water disposal with reuse such as growing
plants. A grey water dam was designed as an extension of the well-known grey water tower with the objective of
handling greater volume of grey water, achieving better treatment and producing greater yield of plants using the
grey water. The grey water dam consists of a central gravel distribution column surrounded by a partially com-
pacted soil which is a mixture of ash, manure and fine/coarse soil mixture. A toe drain is provided in the bottom
section of the conically shaped dam in order to keep the seepage line (phreatic line) below the surface. The sec-
tional sketch of the grey water dam is given in Figure 2. Grey water after pretreatment enters the gravel column
and is distributed outwards through the soil and is eventually used by plants that grow on the surface of the dam.
The description of the grey water dam and its design is given below.

3. Materials and Methods

3.1. Development of Hydraulic Equation of Seepage in Grey Water Dam

A section through a grey water dam is shown in Figure 1 and consists of the central gravel cylindrical column
AEFG, the soil section ACBE and the gravel toe drain CBD. The central gravel column has a diameter of b
while the dam height is H . The radius of the dam is d and the angle of inclination of the grey water dam is
a . The length of the toe drain measured along the dam surface is L.

Assuming that the seepage line is along CD in the toe drain BCD, the hydraulic gradient for this seepage path

can be written as:
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Figure 1. Grey water dam section with the dimensional symbols and sketch of the phreatic line.
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Figure 2. Vertical section of the grey water dam design.
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The discharge through the toe drain face CB can be written using Darcy’s Law:
dz

=kiA=-k—A
Q dx

where k is the permeability of the soil and A is the cross sectional area of flow at the face CB.
The Area, A s given by:
A=2n[d - Lcos(a)|Lsin(a)

The discharge now becomes:

Q = ktan (a )| 2ndLsin (a)—2xL’sin (e )cos(a) | (1)
The discharge through upstream section within AEBC at a distance x from the center is given by:
dz
=-k—(2nx)z 2
Q=—k—"(2m0) @

Equating the discharges in Equations (1) and (2) using the principle of flow continuity:

-k j—)z((an) z = ktan (a)[anLsin (a)-2xl%sin (a)cos(a)] (3)
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Integrating the expressions in Equation (3) above between the boundaries of the upstream flow section
AEBC:

Lsin(a) d-Lcos(a) dx . .
J'H —2nzdz = jb/z 7[271;stan (a)sin(a)-nl’sin(2a)tan (a)]
The above expression after integration and elimination of the common term x takes the form:
d —Lcos
L?sin? (a)+[2stan(a)sin(a)— Lzsin(Za)tan(a)]ln [T(a)]_ H2=0 (4)
Equation (4) above is solved for the drain length L by trial and error. For the pilot grey water dam con-
structed the following dimensions are provided:
w=13m, b=03m, H=11m, d=21m and «=tan"(1.1/1.95)=29.4°

After substituting the above dimensions, Equation (4) takes the form:
2.1-0.871L
0.15

The above equation was solved for the unknown L using three points least square method of root finding
[22]. The resulting values are:

0.24112 +[1.6176L-0.4820L2]|n( j—1.21: 0

L=0.5261m and L=2.2637m.

Since L=2.2637 m and is out of the range of the dimension of the grey water dam, L =0.5261m is taken
as the length of the toe drain along the dam surface. This value is used as a guide for the construction of the toe
drain of the pilot grey water dam. The vertical height of the drain is given by:

Height of drain = Lsin (a) = 0.5261xsin (29.4° ) =0.26 m
The discharge through the grey water dam is given by:
Q = ktan (a)[ 2ndLsin (er) - 2zl ’sin (a)cos(a) |
For the given dimension of the pilot grey water dam, this discharge will be:

Q = ktan (29.4°) (2m(2.2)(0.5261)sin(29.4')) - 27 (05261 sin (29.4')cos(29.4') | ~1.5015k (m*/sec)

For the measured maximum seepage rate of 2 m*/day, the corresponding permeability will be:
K= 2
~ 1.5015x 86400

This corresponds to the permeability of a medium texture, sandy loam soil.
The volume of the saturated portion of the dam can be calculated from

~154x10° ™ _1.33 m/day
Sec

Vv :U:'lnxzdz}n(o.lsz)xl.l

Expressing the horizontal distance x from the center in termsof z;

2.0923*(1.2142)

x =0.15e
The expression for the volume then becomes:

4.1846(1.21—22)

V= [ [0.0707e dZ}—n(O.lSZ)xl.l ()

The integral expression in Equation (5) above does not have analytical solution. Therefore, the five point
Gaussian Quadrature formula is used to evaluate the integral as shown in Table 1.
The volume then becomes:

V =4.8361-0.0777 = 4.7584 m®
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Table 1. Calculation of volume integral using five point gaussian quadrature formula [23].

w t a b (b-a)/2  ((b-a)t+b+a)/2 C(t) f(t) w(t) f(t) Integral
0.2369 —0.9061 0 11 0.55 0.0516 0.0707 6.0804 1.4406 4.8361
0.4786 —0.5384 0 11 0.55 0.2538 0.0707 4.6953 2.2473
0.5688 0 0 11 0.55 0.55 0.0707 1.7339 0.9864
0.4786 0.5384 0 11 0.55 0.8461 0.0707 0.3073 0.1470
0.2369 0.9061 0 11 0.55 1.0483 0.0707 0.0618 0.0146

The detention time for flow rate 2 m®/day will be

ty = 4'7584 = 2.4 days

Therefore, at peak grey water discharge rate, the detention time of water in the grey water dam is approx-
imately 2.4 days.

3.2. Construction of the Pilot grey Water Dam

The constructed grey water dam shown in Figure 2 has a central gravel column of 30 cm diameter and runs
throughout the depth of the dam which is about 1.10 meters. The size of the grave is about 2 cm (#19 crashed
gravel) and is course enough to allow the grey water to easily flow in the column space while providing some
solid storage capacity. The gravel column is preceded by a pretreatment. In this pilot setup a limited pretreat-
ment in the form of crashed gravel of 1 cm size of 50 cm depth is provided at the distribution tank in addition to
a coarse screen made of cloth provided at the top of the tank. The detail of possible pretreatment modification
will be discussed later.

The top width of the dam provided is about 1.3 meters. Preliminary evaluation with lesser width at the given
height and slope were associated with piping problems and were later corrected after hydraulic equation was
used to verify the proper dimensions. The outer surface slope of the dam provided is 2 H:1 V (2 horizontal to 1
vertical). It was also observed from the preliminary trials that surface slopes steeper than 2:1 resulted in piping
problems particularly at the top section of the dam. Hydraulic equation was used to determine the positions and
dimensions of the gravel toe drain and the associated seepage path. In addition an extra top width was provided
for safety (see Figure 2).

The grey water dam was constructed with a conical wooden framework having the height, top and bottom
width dimensions the same as the dam but which is extended to a depth of 0.5 m below the ground surface. An
impermeable polyethylene plastic layer was provided at the bottom of the cone to prevent seepage. Alternatively
a semi-permeable geo-textile can also be placed if seepage (recharge to ground water) may be allowed to pass
excess and treated grey water to the ground.

The gravel is placed at the center inside a 30 cm diameter bucket with an open bottom and on the outside of
the bucket a suitable soil, manure and ash mixture is placed and mildly compacted while some moisture was be-
ing sprinkled. In the pilot setup used, the soil used in the dam had a mixture of 1 part of ash to 2 part of manure
to 3 part of soil in a manner similar to the vertical grey water dam. At the bottom section, a gravel toe drain was
provided with dimension of 60 cm into the dam and having a height of 50 cm above the ground for the purpose
of keeping the seepage line below the surface of the dam. Once the soil and grave were filled, the bucket was
lifted up and the process of placing the gravel and soil and mild compaction continued within the conical wood-
en framework towards completion of the dam. Figure 2 shows the sectional drawing of the grey water dam de-
sign used for the construction of the pilot setup.

The soil mixture used must be uniform in order to have uniform seepage of grey water around the dam, for the
uniform deposition of pollutants and uniform treatment conditions within the dam section. Otherwise flow may
be end up being restricted to a limited section of the dam which will restrict the flow and in some cases might
result in piping problem. Once the dam was completed, sprinkling of the dam from the top helped in opening up
the pores and facilitating grey water flow. The outside bottom of the dam was surrounded with stones to prevent
bottom erosion. In addition layers of grass were placed on the dam surface to stabilize the slope.
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The water has to be fed to the dam slowly because movement of water in soil is rather slow. In flowing
through the soil, the grey water undergoes treatment (physical, chemical and biological). The water gradually
and eventually wets the inside and surface of the dam without actually flowing out (an undesirable phenomenon
called piping out of soil). The original design that had a steeper slope had to be changed after hydraulic equation
model given above was used because the slope was found to be too steep and resulted in piping out of the soil at
the top and middle sections because the flowing water surface line within the dam could not be contained com-
pletely inside the dam and appeared to intersect the dam outer surface slope before it actually reaches the dam
bottom.

4. Results and Discussion

The pilot grey water dam was constructed inside a homestead shared by five households and is located within
Mnyamtsini area. Grey water generated within the households is brought by the members of the homestead and
is discharged onto the common tank provided. The water supply to the homestead is in the form of a yard tap
connection and earlier grey water generated used to be splashed within the compound. As part of the Mbabane
Dry sanitation and waste Management project education campaign, members of the household have been given
education on the importance of health, hygiene and sanitation as well as proper disposal of grey water involving
grey water treatment and reuse.

A photograph of the constructed grey water dam with plantation after about a month of operation is shown in
Figure 3. The concrete tank on the background is the grey water tank that also contains the pretreatment black
screen cloth shown on top and the crashed gravel of 1 cm size provided inside the tank. A surface pipe extending
from the bottom of the tank and downwards to the center of the gravel column in the grey water dam feeds the
grey water to the dam. However, the storage tank is not uniquely provided for the grey water dam alone. It was
initially constructed for another grey water treatment model, a multi-step filter followed by planted filter shown
on the left of the photo. A more suitable arrangement would be a drum containing the pretreatment unit and
connected to the grey water dam through a bottom pipe rather than the top surface pipe.

A seepage test was conducted from time to time and it was found out that for the configuration used in the pi-
lot set up about 2000 liters of water can be accepted by the grey water dam on a daily basis. With a daily per ca-
pita use of 100 liters per day and with an average family size of 4, this rate corresponds to grey water generated
from 5 households with the conservative assumption that all the water used ends up as grey water.

The intermittent nature of the grey water generation from the yard tap water connection suits the grey water
dam as air is drawn during part of the time when grey water is not supplied to the dam and facilitates aerobic
breakdown of organic matter within the grey water dam. It is essential that water is fed slowly into the grey wa-
ter dam. Supplying grey water at a high rate results in overflow, over saturation (soaking) of the grey water dam

ik )
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Figure 3. Photograph of the grey water dam with vegetables grown

on the surface.
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which is not suitable for plant growth. In addition piping problem may arise with too much water supplied to the
grey water dam in a short time. In the pilot set up used, a valve has been provided along the pipe supplying the
grey water from the tank to regulate the flow.

5. Conclusions

The grey water dam design as presented above was successful in terms of providing the necessary moisture for
plantation, accepting greater quantities of grey water than is normally handled by the vertical grey water tower.
The added advantage of the grey water dam is its low cost as it can be built from existing soils mostly available
in the community and the minimum operational attention that is needed. Treatment of grey water with soil is
reported to produce a treated grey water quality that is suitable for several reuse purposes.

The development of the hydraulic equations for determining the seepage path has helped in determining the
right dimensions of the grey water dam and in preventing piping problems which can happen when the seepage
path intersects the surface of the dam. In order to lower the seepage path and prevent piping problems, the pro-
vision of toe drain is critical and the hydraulic equation developed helps in determining the positions and di-
mensions of the toe drain. Keeping the seepage path within the grey water dam also means the height of the dam
can be increased which can save the horizontal space requirement for the dam.

Partial compaction of the soil used is necessary for added stability and prevention of soil piping. This shall be
done during the filling of the soil by spraying moisture and compacting in layers. In addition after the dam has
been completed an initial period of wetting is essential in order to open up the pores. This wetting of the surface
can be done by sprinkling water on the surface of the dam taking care not to erode the soil top.

The grey water dam design can be flexibly adapted to handle greater quantities of grey water by allowing par-
tial seepage of water through the bottom. Such a provision may be necessary often because of the fact that the
grey water production may be more than the reuse demand of the household. This means that instead of putting
an impermeable layer the bottom section may be treated with semi-permeable material such a mixture of clay
and soil compacted in place.

Although this papers focuses more on the hydraulic design aspects and that water quality and treatability pro-
files of soil filters has been studied by a number of researchers mentioned in the introduction, it is nonetheless
necessary to ensure that adequate treatment takes place within the grey water dam. The grey water dam can be
considered as a form of restricted irrigation and the WHO guideline of achieving 3 - 4 log reduction of E. coli
(99.9% and 99.99% removal)within the soil in addition to <1 helminthes/egg per 100 gm of soil with an infec-
tion risk of 1 in 1000 might be the appropriate guideline to apply. The most probable risk in the case of the grey
water dam might be direct ingestion of the soil containing pathogens in the course of dealing with harvesting
plants and maintenance or contamination of plants by the soil and here proper hygiene also plays a role. In addi-
tion, the effect of long term use of the dam such as clogging of the soil and soil quality deterioration shall be
studied as part of the investigation of sustainable use of the dam and determining the operation and maintenance
requirements. This will be the next part of the study that shall be undertaken within the pilot project setups.
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